must increase." Studies in experimental animals'2 13 and in normal man" have demonstrated that coronary blood flow increases directly in proportion to increased demands by the myocardium for oxygen. In the patient with coronary obstruction coronary blood flow cannot increase adequately to meet the demands of the myocardium for oxygen and ischemia results. This may be manifested by the symptom of pain or ECG changes, or the less specific ventricular dysfunction or arrhythmias. It is not possible to measure simply either coronary blood flow or the major determinants of myocardial oxygen demands during exercise. However, some indication of the degree of exercise-induced increase in myocardial oxygen demands, and by inference coronary blood flow, can be provided by several indices which can be measured noninvasively. In normal man, heart rate shows a nearly linear correlation with coronary blood flow during exercise."' The heart rate-pressure product (mean aortic pressure X heart rate),'6 tension-time index (the integral of left ventricular pressure during systole X heart rate)," the triple product of heart rate, systolic blood pressure, and systolic ejection period,'8 and the double product of heart rate and systolic pressure14 have all been shown to correlate with measured myocardial oxygen consumption during dynamic exercise. Nelson et al. have shown that the ratepressure product shows the best correlation of these indices, although heart rate alone is almost as good.'6 These studies were done in normal subjects and may not be strictly applicable to patients with coronary artery disease where the relationship between heart rate and coronary blood flow is less direct. For clinical purposes heart rate or the rate-pressure product are easily measured indirect indices of myocardial oxygen consumption which reflect the degree of stress imposed on the coronary circulation by exercise. Failure to achieve an adequate heart rate during exercise due to motivational or other factors suggests that myocardial oxygen demands have not been increased sufficiently to determine whether or not potential ischemia is present. On the other hand, myocardial ischemia occurring at a low heart rate or rate-pressure product indicates marginal reserve of the diseased coronary circulation to supply increased myocardial blood flow. Several investigators have documented that the rate-pressure product at the onset of angina pectoris is remarkably constant in a given patient independent of the duration, intensity, or type of exercise performed. ' 24 In patients with ischemic heart disease ventricular arrhythmias are more frequently provoked with isometric than with dynamic exercise.2' Nevertheless, such patients manifest fewer ischemic ST-segment changes during isometric exercise. 24 For these reasons most workers utilize dynamic exercise in routine clinical stress testing. there is much variability (SD = ± 10 beats/min) within any group of normal individuals.32 Further, maximal heart rate may be considerably lower in a patient with heart disease, especially angina pectoris, than in the normal population. and electrocardiographic changes including ST-segment abnormalities, ventricular (three or more consecutive beats or multiform beats) and supraventricular arrhythmias, and intraventricular conduction disturbances. In addition, heart rate and blood pressure should be monitored regularly throughout the testing procedure. A fall in blood pressure39 or heart rate'0 during exercise may signify the onset of ischemia or inadequate cardiac output, even in the absence of ST-segment abnormalities. All monitoring should be continued for at least 5 min following the termination of the stress test. Emergency resuscitative equipment should be immediately available including a cardiac defibrillator.
Contraindications to exercise testing include unstable angina pectoris, recent myocardial infarction (2-3 months), severe hypertension, congestive heart failure, significant aortic stenosis or other severe valvular disease, uncontrolled cardiac arrhythmias, high degree A-V block, severe anemia, pulmonary embolism or cor pulmonale.
Exercise Electrocardiography
Recording the Electrocardiogram High quality electrocardiographic recordings can be obtained even during maximal stress maneuvers by proper preparation of the patient and the use of specially designed electrodes ( fig. 2 ). The most reliable of these have been lightweight silver-silver chloride electrodes designed so that the skin contact occurs by means of a liquid conductor. This minimizes the loss of contact which occurs with motion. Disposable and reusable electrodes of this type are commercially available. Reduction of skin impedance at the electrode contact site is of prime importance to insure interpretable records during exercise with minimal baseline drift. The superficial keratinized layer of epidermis can be removed by gentle skin abrasion using an emory board, dental burr, or vigorous rubbing with gauze. Acetone or another organic solvent briskly applied will reduce lipid content, although manufacturers of some of the newer disposable electrodes do not recommend this procedure. Electrode cables designed to reduce motion artifact are available obviating the need for telemetered monitoring of the ECG signal. The frequency response of the electrocardiographic machine must conform to the minimum specifications outlined by the American Heart Association in order to avoid distortion of the ST segment which may result in spurious changes. '1 Lead Systems Three different types of lead systems have been employed to obtain ECG records during and after stress testing. The simplest and most widely utilized is a single bipolar lead with the positive electrode placed in the fifth left intercostal space at the anterior axillary line and the negative electrode placed in a variety of positions including the forehead (CH3), right infraclavicular area (CS5), manubrium (CM5), left fifth intercostal space (CC5), or on the back (CA5). Such a lead orientation takes advantage of the fact that with the majority of abnormal responses, the ST segment vector will be in a direction opposite to the maximal QRS vector. The former response was associated with a good prognosis and small chance of subsequent development of ischemic heart disease whereas the latter was often the forerunner of clinical events. Subsequent study has upheld the validity of these conclusions.
A large number of ECG changes following stress maneuvers have been described in patients with ischemic heart disease but only changes in the ST segment have shown sensitivity for disease detection without loss of specificity. Intraventricular conduction disturbances, cardiac arrhythmias, and T wave changes are nonspecific findings which may or may not be associated with coronary artery disease. The most sensitive and specific indicator of myocardial ischemia has been horizontal (square wave) or ST-segment elevation above the isoelectric line occasionally occurs during stress tests66-72 ( figs. 3 and 4) . This kind of response is usually seen in patients with severe angina. The location of ST-segment change correlates well with near total or total occlusive lesions of the blood vessel supplying the region of myocardium involved. It may be a manifestation of more severe myocardial ischemia reflecting transmural rather than subendocardial ischemia and the prognosis therefore may be worse than with ST depression.70 ST elevation is rarely seen in lead V5 alone and is best observed when multiple leads reflecting anterior or inferior wall electrical forces are recorded. ST elevation occurs most frequently in association with regional left ventricular dyskinesia and is then usually observed in leads with Q waves, reflecting previous myocardial infarction. 69 False positive ST elevation has been reported. 70 The sensitivity of stress testing may be improved by recording high fidelity in-exercise ECGs suitable for interpretation of ST-segment changes ( fig. 2 ). Five to ten percent of abnormal responses will be seen only during exercise.44 59 Other Factors Influencing the ECG Response A multitude of factors in addition to myocardial ischemia may influence the response of the ST segment to exercise. Other kinds of heart disease including valvular disease, hypertension and myocardial or pericardial disease may be responsible for changes. The former two conditions can be distinguished readily by physical examination but the latter two may remain occult even after extensive testing. The sex of the patient may be an important determinant. Most of the literature on exercise electrocardiography describes the ECG responses of men. Only recently have systematic studies of women been reported. The incidence of positive responses in large populations of normal women who are not at high risk for the development of coronary atherosclerosis has been high. Cumming et al. 79 have reported abnormal exercise ECGs in 10% of healthy women in the age range 20 to 29, and in 25% of those age 40 to 70. Sketch et al. 7 " have described false positive responses as determined by coronary arteriography in 10 of 15 women with chest pain, but only 10% of 62 men. These findings are at variance with those reported by Linhart et al.79 who could find no sex difference in sensitivity or specificity in patients evaluated for chest pain. It seems likely, however, that the incidence of false positive responses is higher among normal women than men. Bruce76 has postulated that this may VOL 56, No 5, NOVEMBER 1977 be related to a decrease in oxygen carrying capacity because of lower levels of circulating hemoglobin. Kusumi et al. have recently demonstrated that women show greater rises in systemic and pulmonary pressure than men. 77 The incidence of vasoregulatory type responses (vide infra) which results in abnormalities of the ST segments is also higher in women.
Systemic hypertension or valvular aortic stenosis, even in the absence of resting ECG changes, may be a cause of STsegment depression without coronary arterial obstruction. 78 In these situations subendocardial ischemia may be produced by an elevated rate-pressure product during stress as well as decreased subendocardial perfusion due to elevated diastolic pressure. Similar mechanisms may be responsible for the findings of Barnard et al.79 who have described abnormal ST-segment responses in healthy firemen who were subjected to sudden intense exercise. These subjects had normal responses to standard graded maximal stress tests. These findings underscore the fact that a variety of processes in addition to coronary atherosclerosis may be responsible for the development of subendocardial ischemia.
A number of drugs have been associated with abnormal ST changes in the absence of coronary artery disease. Digitalis has received the most attention and has been well known to cause abnormalities of the ST segment at rest and after exercise in healthy subjects. 23 Interpretation of ST-segment changes when the resting ECG is abnormal is a subject of some controversy. The presence of left intraventricular conduction defects such as left bundle branch block or Wolff-Parkinson-White syndrome or of left ventricular hypertrophy with strain renders ST-segment changes after exercise nonspecific. 78 88, 87 Right bundle branch block probably does not alter specificity although no definitive study on its influence has been done. There has been long-standing bias against definitive ECG interpretation when the resting ECG shows minor changes in the ST segment and T waves. However, Cohn et al.88 did not find an increased incidence of false positive double Master tests in this setting when 1.0 mm ST depression was used as a diagnostic criterion (11%) and found no false positives when 2.0 mm was employed. Linhart and Turnoff8 shows that the incidence of false positive tests increased to 21% when the resting tracing showed abnormalities with only slight decrease in sensitivity. The data of Harris et al." indicate that depression of the ST segment 2.0 mm or more below the resting baseline abnormality represents an abnormal response with a high degree of specificity for ischemia whereas changes ranging from 1-2 mm probably represent an abnormal response with somewhat reduced specificity ( fig. 5 ).
The Vasoregulatory Reactor A common cause of false positive ST changes, particularly among women, is the syndrome termed by some "vasoregulatory asthenia."1'' 92 While seen in both sexes at any age, most commonly patients with this syndrome are young women. They frequently complain of chest pain, which may have features of ischemic cardiac pain, and the resting ECG often shows minor ST and T abnormalities. These abnormalities become more pronounced during and immediately following exercise often with horizontal ST EXERCISE STRESS TESTING/Fortuin, Weiss depression of 1.0 mm or greater. Patients with this disorder usually can be differentiated from others with abnormal ST responses to exercise. They often demonstrate heart rate lability with inappropriate sinus tachycardia on standing or with mild exercise. ST and T changes are also augmented by upright posture or hyperventilation and may improve during a Valsalva maneuver. In contrast to patients with ischemic heart disease, the patients manifest horizontal ST depression most prominently early in exercise and show improvement and a change to junctional response with more severe exertion. Horizontal ST depression may then reappear postexercise. Usually the changes are noted in multiple ECG leads reflecting inferior, anterior, and lateral ST vectors.
The disparity between the appearance of multiple lead ECG changes of severe degree early in exercise and absence of clinical response in the patient indicative of severe myocardial ischemia is often a clue to the presence of this disorder. Propranolol usually partially or completely reverses the ST-T changes, and provides additional evidence for the presence of this kind of false positive change. This syndrome is difficult to diagnose if multiple lead recordings of high quality during exercise are not made. 34 (45%) subsequently developed another manifestation of ischemic heart disease. Using a life-table method of analysis these workers concluded that the five year probability of developing a subsequent clinical manifestation of ischemic heart disease in subjects whose stress test became abnormal was 85%. This suggests a high predictive value for the test when change is observed from a normal to an abnormal response.
The risk of developing future cardiac events was considerably less if the test was abnormal at the time of entry into the study; the probability for developing a clinical event being only 40% at ten years. This indicates a reduced predictive value for this group of subjects. In fact, 85% of the patients developing new coronary events in Doyle's population group did not develop an abnormal stress test response beforehand. This indicates a low sensitivity for predicting new coronary events in this asymptomatic group. The sensitivity of the double Master test for predicting future coronary events was higher in the studies reported by Bruce and McDonough,29 Aronow There can be little question that an abnormal ECG response to exercise in asymptomatic subjects is predictive of an increased incidence of future coronary events. In the studies cited above the risk of developing clinical manifestations of coronary artery disease in subsequent years was [14] [15] [16] [17] [18] [19] [20] In an analysis of a heterogeneous group of 2700 normal and abnormal subjects followed for up to nine years after maximal treadmill tests, Ellestad and Wan40 have shown the incidence of new coronary events to be 9.5% per year for those manifesting 1.5 mm ST depression or more, 6% per year for those with 0.5-1.5 mm depression, and 1.7% per year for those with a normal response. Interestingly the incidence of 9.5% per year is comparable to that of patients who had previously had a myocardial infarction but now had a normal treadmill test. Patients with myocardial infarction who had an abnormal stress test showed an 18% per year incidence of new events. The development of ischemia early in exercise and inability to increase heart rate appropriately during exercise was associated with an adverse influence on prognosis in this study.
Comparison with Coronary Angiographic Studies
More direct and immediate evidence of the sensitivity and specificity of exercise test responses has been drawn from correlations with the results of coronary arteriographic studies. The correlation between these two tests would not be expected to be perfect for the following reasons"12: 1) In asymptomatic patients the correlation between stress test results and angiographic findings has not been as good as in patients with chest pain or evidence of coronary artery disease. This is predictable since it is axiomatic that the predictive value of any diagnostic test diminishes as the prevalence of the disease declines in a population.'"8 Redwood, Borer, and Epstein'"" have presented a theoretical analysis of stress test performance in populations with a high and low prevalence of coronary disease. They have shown that it is theoretically possible to have more false positive diagnoses than true positive diagnoses in a low prevalence group. While attractive theoretically, this analysis is flawed because the performance of the stress test in terms of sensitivity and specificity in an asymptomatic group of relatively low coronary prevalence is not known and cannot be assumed to be the same as that in symptomatic patients.
However, two recent studies, in which the results of exercise stress tests have been compared to coronary arteriographic findings in asymptomatic patients, lend some support to this analysis. Froelicher Indications for Exercise Stress Testing Indications for stress testing will vary depending upon the physician's expertise with the technique, the equipment available, local practice, and most importantly the nature of the question to be answered. The following discussion considers several clinical situations in which stress testing is often employed.
Patients with Chest Pain
In the patient with chest pain a careful history by an experienced clinician remains the cornerstone for the diagnosis of coronary artery disease. A history of typical angina pectoris or noncardiac chest pain will determine accurately the presence or absence of coronary artery disease in the majority of patients. Stress testing has little role to play diagnostically in these patients except to add further confirmation, or in the case of noncardiac pain, reassure the patient and in some instances the referring physician. In many patients with chest pain it is not possible to be certain on the basis of history and other clinical findings about the presence or absence of coronary artery disease, and in this group observation of the patient's subjective and electrocardiographic response to exercise is an important diagnostic tool.
Patients with Established Coronary Artery Disease
In the patient with established coronary artery disease stress testing is of value in determining the functional capacity for exercise. It is commonplace for patients to over or underestimate their level of effort tolerance. Stress testing defines cardiac performance in terms of duration of exercise, oxygen consumption, heart rate and blood pressure responses, and the development of arrhythmias.'20 It provides objective evidence of what can be done prior to the development of symptoms or electrocardiographic evidence of myocardial ischemia. Such information may be important in making decisions about the amount and type of work or exercise which is advisable for therapeutic or recreational purposes. The efficacy of therapeutic interventions such as coronary surgical procedures can be accurately assessed.'12 As noted, localization of zonal ischemia may be of benefit in planning surgical procedures. The heart rate or rate-pressure product at onset of ischemia are important indicators of coronary reserve capacity. The magnitude of ST depression may be an indication of the severity of myocardial ischemia. Recently Margolis122 has described the importance of the stress test in assessing prognosis in the patient with established coronary disease. His data indicate that patients with angina able to achieve high stages of a treadmill test have favorable prognoses regardless of ST responses, extent of coronary artery disease, or medical or surgical treatment. On the other hand, patients completing only lower stages show poor prognosis which may be slightly improved with surgery.
The Asymptomatic Subject
It is in the asymptomatic patient that the greatest controversy about the use of stress testing arises. As noted, the ability of an abnormal stress test to predict future coronary events in populations has been well validated by numerous epidemiologic studies. However, uncritical application of these data to asymptomatic individuals has led to erroneous clinical conclusions. Since the potential for making more false positive diagnoses than true positive diagnoses exists in populations with a relatively low prevalence of coronary artery disease, it is possible that more iatrogenic disease is created than preclinical coronary artery disease detected. Certainly the physician must be cautious in making decisions regarding an individual patient's occupation or lifestyle based on stress test results alone. Other confirmation of the presence of coronary disease should be sought before recommending major changes in life situations. Improved predictive value may be possible by repeated stress tests as suggested by the work of Doyle and Kinch."10 A change from a normal to abnormal test may permit more accurate prediction of the presence of presymptomatic disease. Recently developed radioisotope techniques hold some promise for detection of false positives. Isotopes such as potassium 43 and thallium 201, which are distributed intracellularly, show decreased deposition in ischemic areas of myocardium when they are injected during exercise.'238 124 The sensitivity and specificity of this type of stress test has not yet been determined, however. The cost of exercise stress testing is another reason to be cautious about widespread application to asymptomatic populations. Because of the potential for frequent false positive diagnosis and concern over ever increasing medical costs, routine stress testing cannot be recommended for asymptomatic populations at this time.
